-Santalol is a sesquiterpene that is a major constituent of sandalwood (Santalum album L.), and is responsible for its distinctive woody odor. We replaced the polycyclic moiety and hydroxyl group of -santalol with other moieties, and we compared the odors of the E/Z-isomers and their saturated analogues. Our previous study of the structure-odor relationships of -santalols bearing hydroxyl, formyl, formyloxy, and acetoxy functional groups showed there was a similarity in odor between the Z-isomer and its saturated analogue. We synthesized -santalols with a benzyl group in place of the hydroxyl group, because many benzyl compounds have strong characteristic odors. We found similar odors for the E-isomer and its saturated analogue. In contrast, the odors of the santalol derivatives with a hydroxyl, formyl, formyloxy, or acetoxy group were different. We also replaced the bulky polycyclic moiety with a linear alkyl chain. The polycyclic moiety was the most important structural factor in the characteristic sandalwood odor. The synthesis of derivatives and the evaluation of their odor allowed us to identify the key structural factors in the odor of -santalol.
Recently, the mechanism of olfaction has been actively studied. Touhara et al. have investigated the interaction of the mouse mOR-EG receptor with vanillin and its related compounds. One receptor interacts with several compounds that have similar structures, and the strength of these interactions vary [1] . One odorant can interact with several different receptors [2] ; this has been observed for salicylaldehyde, benzoic acid, and benzaldehyde. Therefore, each odorant interacts with many different receptors and each receptor interacts with many different odorants, and the relationship between odorants and receptors is complex. The structure-odor relationships of the odorant can provide information on the interaction between the odorant and olfactory receptor. We have investigated the receptor/odorant interaction of (Z)-santalol derivatives. (Z)--Santalol (1a) is one of the two main constituents of sandalwood odor. We divided the structure of (Z)-santalol (1a) into three parts (Figure 1) . Part A is the main molecular frame, and parts B and C are the functional groups at either end of part A. Parts B and C were altered, and the effect on the odor measured. Part A produces geometric isomers concerning its double bond.
We have previously reported the synthesis and odors of several E-and Z-isomers with different functional groups for part B [3] . The results are shown in Figure 2 and Table 1 . The Z-isomers had similar woody odors irrespective of the functional groups. However, the E-isomers had a faint odor or were odorless. This shows that the Z-arrangement of parts B and C is important for producing the woody odor. We also synthesized the corresponding saturated compounds and found that they were similar to the odors of the Z-isomers. This suggests that the olfactory receptors require the Zconfiguration to produce woody odors, although the E-configuration of the saturated compounds is the thermodynamically preferred configuration. Altering part A also altered the relative positions of parts B and C, and caused a significant change in the odor. However, replacing the hydroxyl functional group of part B with formyl, formyloxy, and acetoxy groups did not alter the odor greatly. Many benzyl compounds have strong characteristic odors [4] . If the hydroxyl group in part B is replaced with a benzyl group, this should strongly affect the odor of the compounds by altering their interaction with the olfactory receptor. In the present study, we synthesized -santalyl benzyl ethers 4and6 using a similar synthetic route to that for (Z)--santalol (1a) [3] . The ethers were The odor of saturated compound 5 was similar to the odor of E-isomer 6, rather than Z-isomer 4 ( Figure 3 ). The isomers exhibited different behavior from that of the system shown in Figure 2 . Introducing a benzyl group caused a dramatic shift in odor and the loss of the woody odor. Part C of (Z)--santalol (1a) is a bulky fused polycyclic structure. We expected that altering this group would affect the interaction with the odorant receptor, because there is probably a hydrophobic interaction between the group and the receptor. We replaced this bulky moiety with a linear n-butyl group, and synthesized the E-and Z-isomers and the saturated analogue through the route shown in Figure 4 .
In conclusion, we have determined the important structural factors in the odor of -santalol derivatives. The geometric isomerism of part A induces a major change in the shape of the molecule, which dramatically alters the odor. However, these changes in odor and the woody odor also depend on parts B and C. Our results give an insight into the interaction between the odorant and the olfactory receptor. 
Synthesis of 1-benzyloxy-2-methyl-2-octenes 7 and 8 and the saturated derivative 9:
The E,Z-mixture of 1-benzyloxy-4-bromo-2methyl-2-butene [3] (219 mg, 0.857 mmol; Z-isomer/E-isomer = 38:62) was added slowly to n-BuLi hexane solution (0.70 mL, 1.12 mmol) under nitrogen at 78°C. The solution was stirred for 1 h at 78°C and 18 h at 20°C. Saturated aqueous ammonium chloride (3 mL) was added to the reaction mixture, and the organic layer was separated. The aqueous layer was extracted with ether (20 mL  2) and the organic layers were combined. The ether solution was washed with saturated aqueous ammonium chloride (5 mL  2) and brine (5 mL  2), and was dried over magnesium sulfate. Removal of the solvent gave the crude compound as an oil. The oil was
Structural factors in the odor of -santalol Natural Product Communications Vol. 8 (7) 2013 871 purified by PTLC [silica, hexane2-propanol (99:1)] to give the E,Z-mixture of 7 and 8 (40.7 mg, 36%; Z-isomer/E-isomer = 38:62) as a colorless liquid. The separation of the E,Z-isomers was performed by HPLC (hexane, flow rate of 2.0 mL/min). The E,Zmixture of benzyl ethers 7 and 8 (13.5 mg, 0.059 mmol) was dissolved in ethanol (0.5 mL). Copper(II) sulfate pentahydrate (1.2 mg) and hydrazine monohydrate (0.10 mL, 2.06 mmol) were added to the solution and the solution was stirred for 4 days. The solvent was removed under reduced pressure. Hexane (5 mL) was added to the reaction mixture, and the organic layer was separated. The hexane solution was washed with 1 M hydrochloric acid (1 mL  3), 10% aqueous sodium bicarbonate (1 mL  2) and brine (1 mL  2), and was dried over magnesium sulfate. Removal of the solvent gave the crude compound as an oil. The oil was purified by PTLC [silica, hexane2-propanol (99:1)] to give 9 (2.3 mg, 34%) as a colorless liquid.
(Z)-1-Benzyloxy-2-methyloct-2-ene (7)
Colorless liquid. 1 .7 (C-7, CH 2 ), 26.9 (C-6, CH 2 ), 29.6 (C-5, CH 2 ), 31.9 (C-4, CH 2 ), 33.7 (C-3, CH 2 ), 37.9 (C-2, CH), 73.0 (C-1, CH 2 ), 76.1 (C-7′, CH 2 ), 127.4 (C-4′, CH), 127.5 (C-3′,5′, CH), 128.3 (C-2′,6′, CH), 138.9 (C-1′, C).
Synthesis of 2-methyl-2-octen-1-ols 10 and 11 and the saturated derivative 12:
2-Methyl-2-octen-1-ol was synthesized by previously reported methods [3] . The separation of the E,Z-isomers 10 and 11 (45:55) was performed by HPLC (hexane2-propanol = 99:1, flow rate of 2.0 mL/min). The E,Z-mixture of the benzyl ethers 10 and 11 (36.8 mg, 0.259 mmol) was dissolved in ethanol (1 mL). Copper(II) sulfate pentahydrate (0.5 mg) and hydrazine monohydrate (0.15 mL, 2.91 mmol) were added to the solution and the solution was stirred for 2 days. The solvent was removed under reduced pressure. Ether (10 mL) was added to the reaction mixture, and the organic layer was separated. The solution was washed with 1 M hydrochloric acid (1 mL  3), 10% aqueous sodium bicarbonate (1 mL 2) and brine (1 mL  2), and was dried over magnesium sulfate. Removal of the solvent gave the crude compound as an oil. The oil was purified by PTLC [silica, hexane2-propanol (90:10)] to give 12 (11.8 mg, 32%) as a colorless liquid.
(Z)-2-Methyl-2-octen-1-ol (10)
Colorless liquid. 1 
2-Methyloctanol (12)
Colorless liquid. 1 H NMR (500 MHz, CDCl 3 ): 0.88 (3H, t, J 8,7 = 6.5 Hz, H-8), 0.91 (3H, d, J 9,2 = 6.5 Hz, H-9), 1.091.41 (10H, m, H-37), 1.591.63 (1H, m, H-2), 3.42 (1H, dd, J 1,1 = 10.5 Hz, J 1,2 = 7.0 Hz, H-1), 3.51 (1H, dd, J 1,1 = 10.5 Hz, J 1,2 = 6.0 Hz, H-1). 13 C NMR (125 MHz, CDCl 3 ): 14.3 (C-8, CH 3 ), 16.8 (C-9, CH 3 ), 22.9 (C-7, CH 2 ), 27.2 (C-6, CH 2 ), 29.9 (C-5, CH 2 ), 32.1 (C-4, CH 2 ), 33.4 (C-3, CH 2 ), 36.0 (C-2, CH), 68.7 (C-1, CH 2 ).
